proteins. Notably, 14-3-3 was by far the most abundant A Ser3 phosphocofilin binding protein was purified 14-3-3 protein present in the fraction, and the generated from bovine brain and was identified as 14-3-3 by peptides encompassed about 70% of the sequence of mass spectrometry. The phosphorylation-dependent 14-3-3. The 14-3-3 proteins are a family of ubiquitously interaction between cofilin and 14-3-3 was confirmed expressed and evolutionarily conserved molecules, inin pulldown and coimmunoprecipitation experiments.
Figure 1. Purification and Identification of a Ser3 Phosphocofilin Binding Protein (A-C) Bovine brain cytosol was fractionated as described in the Experimental Procedures by (A) DEAE, (B) SEC, and (C)
precipitated with HA-14-3-3, which is indicative of stathat the interaction is not restricted to a single 14-3-3 isoform. Interestingly, 14-3-3 was able to immunopreble complex formation in cells. Cofilin also associated with HA-14-3-3⑀, albeit to a lesser extent, suggesting cipitate cofilin even in the absence of increased LIMK ). As up to 20%-50% of the total cofilin in nontransformed cells [12] .
shown in Figure 2A , mutation of Ser3 to Ala clearly reduced 14-3-3 binding, confirming that Ser3 phosphoryThe affinity of purified Ser3 phosphocofilin for 14-3-3 was determined by a solid-phase binding assay (see lation of cofilin is important for the association with 14-3-3. Cofilin
, which is Ser3 phosphorylated as Figure S1 ). Binding was best fit to a one binding site model, with a Kd of 0.6-1 ϫ 10 Ϫ7 M, suggesting equivaefficiently as wild-type cofilin, also bound 14-3-3 comparable to wild-type cofilin. In contrast, the mutation of lent and independent function of the two ligand binding sites on the 14-3-3 dimer. In summary, the in vitro and both the regulatory phosphorylation site and the predicted 14-3-3 binding motif (cofilin S3,23,24A
) abolished the in vivo association of phosphocofilin and 14-3-3 is consistent with the phosphorylation-dependent interaction cofilin/14-3-3 association. Similar results were obtained when GST-14-3-3 was used (not shown). Thus, both observed in overlay assays.
the Ser3-phosphorylated amino terminus and the 14-3-3 consensus site of cofilin are functionally involved in Mapping of the 14-3-3 Binding Site on Human Cofilin 14-3-3 binding. It is tempting to speculate that, when cofilin is active, Numerous 14-3-3 binding proteins associate with 14-3-3 through a phosphorylated serine contained within the unphosphorylated amino terminus of cofilin folds over the putative 14-3-3 recognition motif, thus impeda prototypical 14-3-3-recognition motif, RSxpSxP (where x represents any amino acid and pS stands for ing 14-3-3 binding. Phosphorylation of Ser3 would then lead to a conformational change of the molecule, renderphosphorylated serine) [7] . Human cofilin contains one putative 14-3-3 recognition sequence (RKS 23 S 24 TP). Aling the 14-3-3 recognition motif more accessible to 14-3-3. In support of this hypothesis, we observed that a though Ser24 in this motif exists within a conserved CaM kinase II consensus sequence, it is not a phosphopeptide comprising the eight amino-terminal amino acids of human cofilin, which might compete with this acceptor site in vivo [13] . It seems reasonable to assume that the extreme amino terminus of cofilin also plays a putative intramolecular association, significantly enhanced cofilin binding to 14-3-3 ( Figure 2B ). role in 14-3-3 binding, since Ser3 phosphocofilin specifically associates with 14-3-3 (Figure 1) . However, the amino acid sequences surrounding Ser3 do not contain
The Expression of 14-3-3 Increases Phosphocofilin Levels any of the described 14-3-3 interaction motifs. We note that some 14-3-3 binding partners interact with 14-3-3
To investigate the functional relevance of the cofilin/14-3-3-interaction, 14-3-3 was transiently transfected into in a phosphorylation-specific manner, but do not contain prototypical 14-3-3 recognition motifs [8].
Cos-1 or BHK-21 cells, and effects on steady-state phosphocofilin levels were studied biochemically and In order to map the 14-3-3 binding site(s) on cofilin, we expressed point mutants of human cofilin in Cos-1 by immunofluorescence analysis. Remarkably, 14-3-3 also induces actin cytoskeletal reorganization through cate 14-3-3 proteins in the control of the actin cytoskeleton. However, we cannot formally exclude the possibility phosphorylation of cofilin on Ser3 [16, 17] . Interestingly, TESK1 was recently shown to bind 14-3-3␤, resulting in that binding of 14-3-3 to LIMK regulates the phosphorylation of an unidentified LIMK substrate that also conan inhibition of TESK1 kinase activity [18] . In in vitro kinase assays with immunoprecipitated, myc-tagged trols cofilin activity. TESK1 and TESK2, we were, however, unable to detect any effect of up to 6 g purified GST-14-3-3 or -on 14-3-3 Potentiates the LIMK-Induced Actin Phenotype TESK-dependent cofilin phosphorylation (data not shown). Additionally, the expression of endogenous Expression analysis of wild-type and mutant LIMK in different cell types has revealed dose-and activity-TESK1 or TESK2 proteins in Cos-1 or BHK-21 cells appeared to be very low, since neither isoform was dedependent effects of LIMK on the actin cytoskeleton [5, 6, 15]. To obtain functional evidence that 14-3-3 is tected in lysates of up to 5 ϫ 10 6 cells when the original antibodies described in [16] [17] [18] were used (data not involved in cofilin-controlled actin dynamics, we expressed 14-3-3 and/or wild-type LIMK in BHK-21 cells. shown). We further investigated whether LIMK1 might be an interaction partner of 14-3-3. As shown in Figure  As shown in Figure 4A , 14-3-3 induced the formation of membrane protrusions and triggered actin aggrega-3C, LIMK1 indeed associated with GST-14-3-3 in pulldown experiments. However, 14-3-3 (and 14-3-3; data tion in a subset of cells. The character of these actinrich protrusions is at present unclear. Consistent with not shown) had no effect on the LIMK1-mediated cofilinphosphorylation in in vitro kinase assays ( Figure 3D ). published observations, cells overexpressing wild-type LIMK were generally characterized by exaggerated These results support the idea that the 14-3-3-dependent increase in cellular phosphocofilin is a direct membrane protrusions, and only a small subset of LIMK expressors contained actin aggregates. However, cells result of the phosphocofilin/14-3-3 interaction and impli-against phosphatase attack and are in good agreement with published observations. For example, it has been reported that 14-3-3 blocked Raf [19, 20] and BAD [21] from PP1/PP2A-mediated dephosphorylation.
Conclusions
In summary, our results identify a previously uncharacterized role for 14-3-3 proteins in modulating the actin depolymerizing and/or severing functions of cofilin. Our data strongly indicate that LIMK and 14-3-3 act cooperatively to control actin cytoskeletal dynamics by increasing and stabilizing the levels of phosphocofilin. It will be of interest to evaluate whether the scaffolding function of 14-3-3 proteins plays any additional role in organizing and regulating the interplay between LIMK, cofilin, and various phosphocofilin regulatory phosphatases.
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